We describe recent experimental and theoretical results which show that the light pressure force for an atom with more than two levels, in a field with more than one frequency or which is studied in more than one dimension can display striking new features. The importance of these results lies in the fact that they cannot be explained in terms of a two-level, a monochromatic or a one-dimensional theory.
Introduction
In recent years, there has been signIficant interest in the laser manipulation of neutral atoms. This problem has been widely investigated both theoretically and experimentally over the past decade [1] . The most successful of the theoretical efforts have focussed on the specific case of an atom interacting with a one-dimensional optical field. Theoretical progress [2] [3] [4] has included. both the prediction of new effects [5] and explanation of experimental observations [6] . For more than one spatial dimension or for an atom interacting with. more than one laser field, however, the picture remains incomplete. This limitation is particularly significant given that most existing beam experiments and all optical trapping experiments are inherently multi-dimensional multi-laser frequency systems. Indeed, many intriguing phenomena have been observed which are unique to multi-dimensional experiments and which are not well understood. In this paper we present recent results in our group and review selected work from other laboratories which seeks to generalize the light pressure force to multiple dimensions, multiple field frequencies and multiple atomic levels. We restrict ourselves to the Permenant addresses: α Harvard Univ., Cambridge, MΑ 02139, USA, bResearch Laboratory of Electronics, MIT, Cambridge, MA 02139, USA.
(29) work most closely related to our own investigations and apologize in advance for neglecting the many other important results which we may not have included.
We begin this paper with a short summary of the light pressure force for a two-level atom interacting with one-dimensional nearly resonant laser field. The successive sections consider the effect of extensions of this theory to more than one dimension, more than one field frequency or more than the two-level atom (TLA). In each case we stress the point that there are significant qualitative changes in the force which are uniquely due to the added dimension, laser field frequency or atomic level.
The force on a two-level atom in a monochromatic one-dimensional laser field: a brief review
In most situations the fosse experienced by a two-level atom interacting with a monochromatic light field can be expressed as F = F sp+ F st , where the first and second terms reflect the spontaneous and stimulated components of the force, respectively* [7] .
Spontaneous forces
The spontaneous force is the workhorse of many laser cooling experiments and so-called optical molasses. Fs can be understood in terms of the momentum transferred to an atom as photons are absorbed and reemitted spontaneously. When an atom absorbs a photon it receives a momentum kick and recoils along the wave vector k of the absorbed photon. If the subsequent reemission is via spontaneous emission, then the emission direction is spatially isotropic. Averaged over many events, the momentum transfer to the atom on emission averages to zero, whereas the momentum transfer on absorption is cumulative, producing a finite average force along k. The size of this force is of the order of the recoil momentum per absorption (fink) multiplied by the transfer rate Γ (where Γ -1 is the two-level excited state lifetime). For sodium, this corresponds to about 10-20 N, or an acceleration of 10 6 m/s! Note that the length scale over which Fs varies is determined by the variations in k (particularly its direction) and by the spatial variations in the field intensity.
For an atom at rest, the spontaneous light pressure force on the two-level atom can be expressed as Fs (r) ≈ (PggQ abs -Pee Qemis) W(r). Here p and Pg g are the ground and excited state populations, respectively, and the σ's are the absorption and emission cross-sections. The interpretation is straight forward: Fs is given by the momentum flux at the aomic position, W(r), multiplied by the weighted difference of the ground and excited state populations. Notice that for a stationary atom in an optical standing wave (SW), the net average spontaneous force on the atom is zero since in a SW W = 0 (the momentum flux associated with each of the counter-propagating traveling waves (TW) which together form the standing wave exactly cancels). From this point of view, for an atom at rest SA beautiful exposition of these ideas was presented by C. Cohen-Tannoudji in a series of courses presented at the College de France, 1982. there is only a net spontaneous force (if the field has effective traveling wave character at the aomic coordinate).
If the light field is an optical standing wave, and the field frequency is detuned below (to the red of) the two-level transition frequency ωo then spontaneous processes can give rise to a damping force (a cooling force) for finite atomic velocities. The velocity damping can be understood by realizing that for a finite velocity atom the atom will be Doppler shifted closer to resonance with respect to the counterpropagating TW and further from resonance with respect to the co-propagating TW. As a result, the atom will absorb more photons with wave vection opposite to the velocity than along the velocity. The atom will therefore feel a net average spontaneous force which opposes the motion. For moderate velocities, the size of the force will depend linearly on velocity, justifying the name given this field configuration: optical molasses.
Stimulated forces
Stimulated forces arise from the interaction between the in-phase component of the dipole moment induced in the atom by the field and the gradient of the field itself. Unlike Asp, F st is a conservative force and is often referred to as the dipole or gradient force because it changes sign with detuning and because it depends on the gradient of the fleld intensity. Because the dipole force is conservative, it can be expressed in terms of a potential [8] 
Here Isat is the two-level saturation intensity, Δ = ωlaser -ω0 and β = Γ/2. Hence, for moderate field intensities or large detunings (e.g. Ι < Isat and Δ > β, g, where g is the Rabi frequency 2μΕ/h) we find A α I(x).
More strictly the dipole force results from the momentum transfer associated with the atom mediated redistribution of photons between the TWs which together interfere to produce the SW. This view of the dipole force is most elegantly described in terms of the dressed state. In this picture, the dipole force is derived by taking the gradient of the position dependent dressed state energies, neglecting spontaneous emission.
The dipole force on a TLA in a bichromatic SW light field: rectification and the experiments of Grimm et al.
Ιn a beautiful series of atomic beam deflection experiments Grimm et al. [9] demonstrated one important ef ωlaserfect of having two-laser fields of different frequency simultaneously interacting with a two-level atom: the rectified force. The idea of rectification is that, averaged over an optical wavelength, there can be a finite average value of the dipole force, even at zero velocity. When two-laser fields are simultaneously interacting with the same atom, the possibility of a rectified force arises naturally through the nonlinearity of the atom-field interaction -a long wavelength component of the force can occur because the nonlinear interaction introduces force terms which vary with the beat wavelength of the two-laser fields. The task then is to create a system where this force term is large.
N.P. Bigelow et al.
In the experiments of Grimm et al. the rectification which was observed was described in terms of a spatial modulation of the detuning of one of the SW laser fields due to the other SW field. This description was particularly well suited to their experiments because even though one field had a large Rabi frequency, it was detuned far from resonance (Δ' -300Γ). The important role of this SW field was to produce a spatially dependent stark shift of the two-level splitting. By comparison the other SW field was tuned closer to resonance (Δ ti 10T) and oppositely detuned so that the far-off resonance field created a spatially dependent detuning of the near-resonance field. The effective detuning was given as Δ(x) = Δ + Γ2 [Ι(x)/Ιsat]/Δ', where Δ is the detuning of the fleld closer to resonance and Δ' is the detuning of the far-off resonance field. In a simplified picture, we therefore imagine the near-resonance field as "producing" the force, and the second field as modulating this force. In this model, over certain regions of space, the relative phases between the two fields are such that Δ(x) flips sign every quarter optical wavelength, just when the gradient in intensity is also flipping sign, thereby causing the dipole force to remain positive definite. Averaged over several optical wavelengths, the force has a non-zero value and is therefore rectified. As noted above, this effect is uniquely associated with the nonlinearity of the atom-field interaction and cannot be explained in terms of a net force which is derived from a superposition of the force associated with. the two individual SW fields.
This demonstration of a rectified force was striking and confirmed the theoretical ideas of Kazantsev et al. [10] , Voitsekhovich et al. [11] , and Javanainen [12] .
Moreover, the experimental evidence of rectification renewed possibilities for constucting a deep optical trap from such a unidirectional dipole force. [10, [12] [13] . These experiments also made an important conceptual point: the twocolor force is not necessarily the sum of the two one-color forces.
The force on a TLA in a monochromatic 2D laser field: vortices and anisotropic forces
There have been several efforts to analyze the light pressure force for more than one dimension. Particular attention has been paid to the case of a two-level atom (TLA) interacting with a twodimensional (2D) light field. In 1989 Kazantsev and Krasanov [10] pointed out that such an atom can experience a spontaneous light pressure force which can have a vortex texture. This result is somewhat surprising because there is no net averaged momentum flow into or out of the twodimensional field so that one might expect that W = 0 and hence that'F sp = 0.
For certain relative phases of the two fields, however, there can be a local traveling wave character in the field. It is this local character of the field which is responsible for the vortical character of the force. Such a fleld is shown in Fig. 1 which displays W(r). Recently, Hemmerich and Hänsch [14] have reported some experimental observations related to these wavelength scale radiation pressure vortices. Their experiments considered the atomic motion in two crossed, nearly resonant optical standing waves. The experiments, and the theoretical model used to explain the observations, confirmed that the atomic motion (and so the light pressure force) depends strongly on the time-phase delay φ between the two orthogonal SW fields. Throughout both the theoretical and experimental investigations, however, the velocity dependence of the force was not included.
Molmer et al. [15] have recently described their theoretical studies of the spatially-averaged force for both two-level and multi-level atoms interacting with twodimensional light fields. These workers also predicted a strong dependence of the force on φ, an effect which was confirmed through Monte-Carlo studies. To interpret their results, a dressed state model was introduced which suggested that there might be an anisotropic character to the velocity dependent force.
Recently, we have calculated the spatially averaged force F(υ) from the steady-state optical Bloch equations (OBEs) in the low velocity limit by following the treatment of Gordon and Ashkin [7] . We find F(υ) is composed of an isotropic force contribution (the first term) and an anisotropic spontaneous vortical force contribution (the second term). The first term is isotropic in velocity space and will locally be a cooling or heating force depending on the sign of the detuning Δ and the local intensity profile of the field. In the low intensity limit, and when the laser is red detuned (Δ <0), the isotropic term will be a cooling or damping force for the atoms similar to that of one-dimensional optical molasses. We note that Fi so is proportional to the detuning Δ, and it will vanish for Δ = 0 as well as for υ = Ο.
The most surprising contribution to F(v) is
the spontaneous vortical force. This is the contribution which is anisotropic in velocity space: an atom will experience a cooling force when it moves along one direction while it will experience a heating force when it moves along the perpendicular direction. This force contribution also reflects the local traveling wave character of the field, as shown in Fig. 1 .
In the large detuning limit, Δ » Γ the isotropic force term will be dominant, and the effect of the anisotropic spontaneous force can be neglected. However as Δ decreases, the size of the isotropic force also decreases, and the spontaneous vortical force increases. Notice that the anisotropic force has a nonzero value even when Δ = 0. If we compare the coefficients of the two terms, we can see that when |Δ| « (g 2 0 / 4 β ) | s i n 2 φ | t h e a n i s o t r o p i c t e r m w i l l b e g i n t o d o m i n a t eF
( v ) .
W e a l s o notice that in the lowest order of g0 the anisotropic term will increase much faster than the isotropic force as the intensities of the laser fields (g 0 ) increases.
Following the theme of this paper, we point out that the isotropic force is equivalent to the force that would be predicted by treating the twodimensional problem as a superposition of two one-dimensional problems. By contrast, the anisotropic term is uniquely associated with the mixing of the two orthogonal spatial dimensions. Experiments are currently underway in our laboratory to verify the presence of this anisotropic spontaneous vortex force, and preliminary results are consistent with our calculations.
The force on a three-level atom in a Raman resonant standing wave: rectification, cooling and dark states
The interaction between two laser fields and a three-level atom in the A configuration (see Fig. 2 ) has been of considerable interest for many years, with the role of ground state coherences playing a central role in this activity. In laser cooling, the interaction of such an atom with two counter propagating traveling waves (each fleld driving one of the legs of the A) has already been used to select atoms [16] with a velocity spread below the single photon recoil, an effect which relied on velocity selective pumping of the population into a dark state [17] . This important effect is known as velocity selective coherent population trapping (VSCPT). More recently, our group [18, 19] and others [20] have solved the steady state optical Bloch equations for an atom interacting with two SW light fields and shown that the net spatially averaged force F on a stationary atom shows features that vary on a length scale both longer and shorter than the optical wavelength (see Fig. 3 ) [18, 19] . Simplistically, the presence of these long and short wavelength force components also reflects the sum and difference wave vectors of the two SW fields. To describe the components which are longer than the optical wavelength (the rectified components) it is convenient to introduce the phase = (k 1 -k2 )x between the two standing waves (wave vection k 1 and k2 ). We find then that F = 0 when φ is an integer multiple of π/2 and is antisymmetric (in ) with respect to these force zeros. For certain field conditions, the force is simply proportional to sin (2 ) . An intuitive understanding of the force has been provided by calculating the force not in terms of the bare atomic states, but instead in terms of a dark state / bright state basis. This choice of basis is more natural in that it highlights the role of ground state coherences and coherent population trapping in determining the spatially averaged force [18, 19] .
We have also measured this force experimentally by deflecting an atomic sodium beam [21] . In these experiments one of the SW laser fields was nearly resonant with a transitions from the A = 1 hyperfine ground state to the excited state and the other SW was nearly resonant with a transition from the F = 2 ground state. The deflections for several choices of φ are shown in Fig. 4 where we display the transverse beam profile as a function of position. The details of these experiments are presented in Ref. [21] . We have also carried out experiments and calculations which show that the velocity dependent Raman force can produce efficient cooling [22, 23] . In fact, at low velocities, the cooling is much stronger than Fig. 4 . Deflection data for experiments described in Sec. 5. The top trace is a profile of the atomic beam in the absence of the Raman SW. In descending order, the traces are taken with the Raman field at relative field phases of 0, π/4, π/2 and 3π/4, respectiveły. Details of this experiment are presented in Ref. [21] .
would be expected from a model where the ground state coherences are neglected. This Raman damping depends on φ, an effect which distinguishes it from the corresponding two-level molasses cooling forces.
In sum then, both the strong low velocity cooling and the phase-dependent rectified forces are observed in the interaction of a three-level atom with a Raman SW field. These effects depend on the mixing [12] of the two SW fields in the atom-field interaction and cannot be explained in a simple two-level-like model. The prediction and observation of the cooling is of particular interest because it can be used to greatly enhance the capture rate of atoms by the"zero" velocity trapped state [23] . Experiments are currently under way in our laboratory to build a novel three-dimensional dark-state trap which takes advantage of this process. Finally, we note that as interest in phenomena related to multi-level coherences grows (such as lasing without inversion and self-induced transparency), the understanding of the light pressure force in these three-level systems may become increasingly important. Whereas the spontaneous vortex force results directly from the local traveling wave character of the field, we have found that there is a stimulated vortex force experienced by the three-level Λ atom in a twodimensional SW light field. Although qualitatively similar to the two-level heating / cooling spontaneous vortex force, this force has a different origin. This vortex force results from the coherent redistribution of photons between the two standing wave light fields and is present only when the SWs are oriented in different spatial directions (see Fig. 5 ).
As in Sec. 5, we consider a three-level atom whose transitions are driven by a pair of standing wave light fields. Each field is linearly polarized, with frequencies ω +, respectively and whose polarizations are perpendicular. For clarity we restrict ourselves to the case where the two ground states are degenerate, however we note that the conclusions are valid even in the non-degenerate case. The detunings Δ and δ are given as, Δ = Δ+ -Δ_, = 1/2 (Δ+ + Δ-) and we assume δ = Ο. The Rabi frequencies g+ = g 1 sin[(kx cos0 + x+ ) + (kysin0 + X-)] and g-= g2 sin[(kx cos θ + X + ) -(ky sin θ + x)] and we assume that |Δ| » |g-+ | • Here Δ ± = ω± -ω 0 and ω 0 is the resonant frequency of the transitions. g1 and g 2 are also assumed real. N+ote that the X's serve only to define the origin in space.
In this case the spontaneous force vanishes, and only a dipole force remains.
The zero-velocity force can be found from the density matrix elements as F =
T h e d e n s i t y matrix elements can be found from the optical Bloch equations p 11 = -p11 Γ+ + p22 Γ-and / p22 = -p22 Γ_+p 11 Γ+, where Γ± (β/8) 2 g±/(β2 + Δ2/4). In this limít we find We have also solved for the finite velocity force and find a similar anisotropic component to that found for the two-level atom. We stress, however, that the origin of this vortical force is not at all related to the spontaneous force associated with the local traveling wave character of the light field (as was the case for the t w o -l e v e l t w o d i m e n s i o n a l v o r t e x f o r c e ) b u t i n s t e a d r e s u l t s f r o m t h e s t i m u l a t e d redistribution of photons between the two SW laser fields. In fact, for the field geometry considered here, if the ground states are non-degenerate, then the vortical character of W disappears, since the two fields are of different frequency. Here it is because the SW fields lie along different spatial directions that there is a vortical contribution to the stimulated force. From this point of view, it is logical to ask whether there is any connection between the stimulated vortex force described here (θ # 0) and the rectified dipole force described in Sec. 5.
If we consider Eq. (8) in the limit where θ -> 0, then X + -> 0 and χ--> χ0/2. The force expression can then be rewritten as This expression is identically the expression derived by us earlier [18] for the rectified dipole force in the one-dimensional Raman standing wave light field. Figure 6 shows twodimensional plots of the light pressure force field for different values of θ . As θ decreases, the force field begins to show a rectified component.
In sum then we see that the addition of a third level and a second light field can significantly alter the nature of the light pressure force producing rectification and/or vortex forces. Moreover, we show that under certain conditions there is a direct connection of the stimulated vortex force to the rectified dipole force, because they both derive from the stimulated redistribution of photons among the modes of the exciting field.
Summary
We have presented several different results which demonstrate the point that the light pressure force for more than one dimension, more than two-level and more than one field frequency can differ substantially from the simpler one-dimensional, t w o -l e v e l , o n e m o n o c h r o m a t i c f i e l d c a s e . T h e s e d i f f e r e n c e s c a n g i v e r i s e t o s t r i k i n g new effects which are crucial in the understanding and application of laser cooled and trapped atoms.
